1. Introduction {#sec1-materials-09-00144}
===============

The continuously increasing energy demand, combined with a noticeable depletion in traditional energy resources all over the world, has revived interest in developing advanced nuclear power systems---both fission and fusion based \[[@B1-materials-09-00144]\]. Proposed designs for the next generation of fission nuclear power reactors (Gen-IV) require both the fuel and structural materials to serve in more extreme operating conditions than current light water reactor designs. These conditions are imposed in order to satisfy stringent requirements such as longer life cycle, higher efficacy of energy conversion, and safety during normal and accidental conditions \[[@B2-materials-09-00144],[@B3-materials-09-00144],[@B4-materials-09-00144]\]. Similarly, the plasma-facing materials in fusion reactors will encounter a harsh radiation environment in order to achieve a higher level of durability and higher quality plasma \[[@B5-materials-09-00144],[@B6-materials-09-00144]\]. Accordingly, the search for fuel and structural materials with high radiation resistance has become an inevitable challenge for the nuclear industry \[[@B7-materials-09-00144],[@B8-materials-09-00144]\]. The well-known deterioration of mechanical, thermal and physical properties of materials in radiation environments at macroscopic scale is attributed to the accumulation of radiation induced point defects which leads to the formation of microscopic scale defect structures such as dislocations and voids \[[@B9-materials-09-00144]\]. Thus, the ability of a material to eliminate irradiation-induced point defects determines its radiation tolerance \[[@B10-materials-09-00144]\].

Nanocrystalline (nc) materials are polycrystals with a grain size \<100 nm characterized by a large volume fraction of interfaces and triple junctions \[[@B11-materials-09-00144]\]. Because grain boundaries act as sinks for irradiation-induced point defects, it was hypothesized that nc materials would possess enhanced radiation resistance compared to conventional micrograined (MG) materials \[[@B12-materials-09-00144],[@B13-materials-09-00144]\]. This is based on the premise that both the thermal stability and mechanical integrity of the nc materials will be maintained under irradiation \[[@B14-materials-09-00144]\]. The miniscule grain size of nc materials provides an excess of short diffusion paths for irradiation-induced point defects to migrate and annihilate at grain boundaries. Many studies have confirmed the enhanced radiation resistance of nc metals and alloys under a range of irradiation conditions in terms of radiation type, exposure level, and temperature. El-Atwani *et al.* \[[@B15-materials-09-00144]\] characterized the radiation response of nc and ultrafine grained tungsten in an *in-situ* 2 keV He ion irradiation conducted at 950 °C. A lower bubble density was observed in nc tungsten (grain size \< 60 nm) compared to ultrafine-grained tungsten (grain size 100--500 nm). Kilmametov *et al.* \[[@B16-materials-09-00144]\] showed that a fully dense nc Ti-50.6at.%Ni alloy with a grain size of 23--31 nm had higher resistance to irradiation-induced amorphization compared to its MG counterpart following 1.5 MeV Ar^+^ ion irradiation at room temperature. The influence of grain size on the density of defect clusters was investigated by Rose *et al.* \[[@B17-materials-09-00144]\], who observed a proportional decrease in defect density with decreasing grain size in nc ZrO~2~ and Pd. Furthermore, researchers have also reported enhanced radiation resistance characteristics in various ultra-fine grained steel alloys following neutron and ion irradiations when compared to their MG counterparts \[[@B18-materials-09-00144],[@B19-materials-09-00144],[@B20-materials-09-00144],[@B21-materials-09-00144],[@B22-materials-09-00144]\].

In contrast, other studies in literature have shown evidence of thermal and structural instability of nc materials under irradiation. Kaoumi *et al.* \[[@B23-materials-09-00144]\] conducted an *in-situ* ion irradiation study on nc Zr, Pt, Cu, and Au to determine how the microstructure evolves under irradiation. Irradiation-induced grain growth was observed in all samples in the investigated temperature range of 20--773 K. Similarly, Nita *et al.* \[[@B24-materials-09-00144]\] reported an increase in grain size of Cu-0.5Al~2~O~3~ from 178 to 493 nm, accompanied with formation of stacking faults and dislocations, after a 590 MeV proton irradiation to 0.91 dpa. Irradiation-induced grain growth in nc transition metals was also reported by Brogesen *et al.* \[[@B25-materials-09-00144]\], who irradiated thin films of nc Ni, Co, Cr, V, and Ti with 600 keV Xe ions at liquid nitrogen temperature to eliminate any potential occurrence of thermally-activated grain growth. Karpe *et al.* \[[@B26-materials-09-00144]\] characterized the developed microstructure of Ar+ and Xe+ irradiated Fe and Zr-Fe thin films with a grain size of 70--120 nm, and observed an increase in grain size at all exposure levels.

Thus, there is disagreement in the literature on the radiation resistance of nc metals and alloys, and the hypothesis of enhanced radiation resistance for this class of materials remains questionable to-date. Accordingly, a firm conclusion on the potential of nc materials as reactor materials necessitates further research to elucidate the behavior of these materials in radiation environments. Copper, the element of interest in this study, plays a major rule in several nuclear applications due to its appealing thermal, mechanical, and physical properties. In the International Thermonuclear Experimental Reactor (ITER), the divertor components of the reactor are protected from the generated thermal energy of the plasma by the first wall which consists of a stainless steel shield bonded to a heat sink made of a copper-based alloy \[[@B27-materials-09-00144]\]. Additionally, the superconductor materials in fusion reactors are contained in a matrix of pure copper, which temporarily carries the electric current whenever the superconductors fail to do so \[[@B28-materials-09-00144]\]. Furthermore, copper is used in the fabrication of the canisters required for long term storage and isolation of spent nuclear fuel \[[@B29-materials-09-00144]\].

In this work, the influence of grain size on the response of nc-copper to fast neutron irradiation is investigated by exposing samples of nc-copper along with its MG counterparts to different damage levels. The scientific and technological importance of this work originates from the profound role of copper in nuclear applications as well as the obvious scarcity of neutron irradiation data in the literature of nc-copper in particular, and nc materials in general.

2. Experimental Details {#sec2-materials-09-00144}
=======================

2.1. Materials and Samples {#sec2dot1-materials-09-00144}
--------------------------

The nc-copper investigated in this work was synthesized via the electrodeposition technique by the 3M Corporation, St. Paul, MN, USA, while the MG-copper samples were legacy materials from the Nuclear Material Laboratory at North Carolina State University. Energy dispersion spectroscopy (EDS) on a Hitachi S-3200 scanning electron microscope (SEM, Hitachi High Technologies in America, Clarksburg, WV, USA) was utilized to determine the copper purity of the MG and nc-copper samples, and they both were found to be 99.999%. In order to evaluate the microstructure and mechanical properties pre- and post-irradiation, sample of different geometries were prepared and irradiated: (i) 3 mm discs for microstructure characterization via transmission electron microscopy (TEM); (ii) 2 mm gauge length miniature tensile samples for tensile tests; and (iii) 3 mm × 5.3 mm plates for hardness measurements as well as non-destructive microstructure characterization techniques such as X-ray diffraction (XRD), atomic force microscopy (AFM), optical microscopy (OM), and SEM.

2.2. Irradiation Experiments {#sec2dot2-materials-09-00144}
----------------------------

In this work, two irradiation facilities were utilized to expose the copper samples to a range of damage levels. The PULSTAR (This name refers to the ability of the reactor to produce short pulses of intense radiations) reactor in the Department of Nuclear Engineering at North Carolina State University was used for the low-dose irradiation and the Advanced Test Reactor (ATR) at Idaho National Laboratory (INL) for high dose exposures.

### 2.2.1. Low Dose Irradiation at PULSTAR {#sec2dot2dot1-materials-09-00144}

PULSTAR is a 1MWth open pool reactor fueled with low enrichment UO~2~ in Zircaloy cladding with light water serving as a moderator and reflector. Samples of nc and MG-copper were sealed in evacuated quartz tubes and loaded in an aluminum canister ([Figure 1](#materials-09-00144-f001){ref-type="fig"}a) inserted into a cadmium wrapped aluminum column in order to eliminate absorption of thermal neutrons by the samples. This minimizes the irradiation-induced activity via (n, γ) reactions, reducing the cooling time required for safe handling of the irradiated samples. Due to the inherent structure and other reactivity considerations of the PULSTAR core, the column containing the samples was not allowed to be irradiated near the core, where high neutron flux is achievable. Rather, the samples were irradiated in a vertical irradiation tube (West Rotating Exposure Port, WREP) at the core boundary (see [Figure 1](#materials-09-00144-f001){ref-type="fig"}b), which limited the exposure level achievable in a reasonable time frame.

High purity (99.999%) Ni foils were irradiated at the same vertical position as the aluminum canister and measurements of the induced activity in the foils were utilized to estimate the integrated fast neutron flux (E \> 1.98 MeV) at the irradiation position; the flux is found to be \~$2 \times 10^{12}\frac{n}{\text{cm}^{2}~\text{sec}}$. The copper samples were irradiated in the PULSTAR for 200 h at full power and the corresponding damage level in the samples was estimated to be \~$3.4 \times 10^{- 3}$ dpa. Based on as-run experiments in PULSTAR, the maximum ambient temperature experienced by the copper samples during the irradiation was 55 °C.

### 2.2.2. High Dose Irradiation at ATR {#sec2dot2dot2-materials-09-00144}

Two capsules holding samples of both nc and MG-copper were irradiated in the center position of the East Flux Trap (EFT) at position E-7 in the ATR core ([Figure 2](#materials-09-00144-f002){ref-type="fig"}) \[[@B30-materials-09-00144]\]. Within each capsule, there was a test train assembly consisting of vertically stacked aluminum blocks designed to accommodate the different sample geometries. A thin aluminum disc was tack welded to the open end of each block to hold the samples, and the sample holder assemblies were strung together using thick aluminum wires, as depicted in [Figure 3](#materials-09-00144-f003){ref-type="fig"}. Each test train was then sealed in a stainless steel capsule to prevent contact with the coolant water. The irradiation test assembly, as illustrated in [Figure 2](#materials-09-00144-f002){ref-type="fig"}b, is comprised of the experiment basket, sleeve, and capsule assemblies. The assemblies contain the test trains (aluminum blocks and samples). The experiment basket of the test assembly is an aluminum tube that was designed to interface the capsule assembly with the EFT position E-7 in the ATR. The two capsules were irradiated concurrently for three ATR reactor cycles (144A, 144B, and 145A) to accumulate \~1 dpa at damage rate of \~$7.52 \times 10^{- 7}$ dpa/s. At the end of the first three cycles one capsule was withdrawn from the reactor core and the other capsule was irradiated for additional three cycles (145B, 146A, and 146B) to accumulate a total of \~2 dpa of damage. The irradiation temperature of the copper samples in the capsules was calculated using the finite-element-based code Abaqus \[[@B31-materials-09-00144]\] in conjunction with Monte Carlo N-Particle (MCNP) code \[[@B32-materials-09-00144]\]. MCNP was utilized to provide the heat generation rate in each part of the capsule, which was then input into the Abaqus model. According to the calculated temperature distribution profiles shown in [Figure 4](#materials-09-00144-f004){ref-type="fig"}, the irradiation temperature of the copper samples ranged from 70 °C to less than 100 °C.

2.3. Microstructure Characterization and Mechanical Testing {#sec2dot3-materials-09-00144}
-----------------------------------------------------------

Several microstructural characterization techniques were utilized in order to investigate the microstructure of the copper samples pre- and post-irradiation. OM was utilized to determine the grain size distribution (GSD) and the average grain size of MG-copper using a chemical etchant consisting of 25% NH~4~OH + 25%H~2~O + 50% H~2~O~2~. The limited resolution power of OM prevented its applicability for characterization of the nc-copper samples. X-ray diffraction (XRD) patterns were recorded from MG- and nc-copper, pre- and post-irradiation, by a Rigaku smart lab diffractometer using CuK~α~ radiation. The peak broadening observed in the nc-copper diffraction pattern enabled estimation of the average grain size, using both the Scherrer formula \[[@B33-materials-09-00144],[@B34-materials-09-00144]\] and the Williamson-Hall plot method \[[@B35-materials-09-00144]\]. Because XRD analysis provides only the average grain size, other characterization techniques were employed to establish the grain size distribution (GSD) of nc-copper. Atomic Force Microscopy (AFM) (Veeco-D3000, Veeco, Plainview, NY, USA) was utilized to determine both the average grain size and the grain size distribution of nc-copper. Its high resolution power allows counting of tens to hundreds of nano-grains over a scanning area of only a few micrometers. Microstructural characterization and analysis of defect structures were done using TEM. Typical 3 mm TEM discs were punched from both MG- and nc-copper, thinned down mechanically to a thickness of \~80 µm, and subjected to electrochemical thinning in an electrolyte solution of 10% nitric acid + 90% methanol maintained at −18 °C to create a thin electron transparent area on the foil. SEM was utilized to analyze the grain size of nc-copper.

Tensile testing and microhardness indentations were utilized to assess the influence of neutron irradiation on the mechanical properties of both MG- and nc-copper. All microhardness measurements reported in this work are based on a Vickers hardness setup using the Buehler OmniMet^®^ microhardness testing system (Buehler, Lake Bluff, IL, USA). Although microhardness measurements directly reveal a material's hardness, it lacks information on other essential mechanical characteristics, such as ductility and toughness of the material, which can be determined through tensile testing. The limited availability of nc-copper material necessitated the utilization of sub-size tensile samples to assess the mechanical behavior. Although tensile samples of MG-copper could have been machined according to the American Society for Testing and Materials (ASTM) standard for tensile testing, it was decided instead to use sub-size tensile samples to avoid any potential effect related to sample geometry or dimensions when comparing to the nc-copper results. Tensile testing of the sub-size tensile samples was conducted with a miniature tensile tester ([Figure 5](#materials-09-00144-f005){ref-type="fig"}a,b) that was built specifically for this purpose in the Nuclear Materials Laboratory at North Carolina State University (Typical tensile grips were used for tensile testing of irradiated samples at INL using Instron 5967 dual column testing system (Instron, Grove City, OH, USA). All tensile tests were conducted at room temperature at a constant strain rate of 10^−5^ s^−1^.

3. Results and Discussion {#sec3-materials-09-00144}
=========================

3.1. Microstructure and Mechanical Properties of As-Received Materials {#sec3dot1-materials-09-00144}
----------------------------------------------------------------------

[Figure 6](#materials-09-00144-f006){ref-type="fig"}a is an optical micrograph of as-received MG-copper used to determine the GSD of the material. The average grain size of MG-copper was found to be \~38 ± 12 µm. [Figure 6](#materials-09-00144-f006){ref-type="fig"}b shows TEM microstructure of the as-received MG-copper depicting no major defects. The average grain size of nc-copper was determined through several methods, including XRD, AFM, and TEM image analyses. [Figure 7](#materials-09-00144-f007){ref-type="fig"} depicts the XRD patterns of nc- and MG-copper, where major reflection peaks are identified. The difference in peak broadening between nc- and MG-copper is primarily due to crystallite size-induced broadening. Due to the grain size difference between nc- and MG-copper, there is substantial broadening induced in nc-copper, but grain size has almost no effect in the diffraction pattern of MG-copper. Analyses of the XRD pattern of nc-copper based on both the Scherrer formula and the Williamson-Hall plot method indicated average grain sizes of 17 and 44 nm, respectively. The GSD of the as-received nc-copper was established from an AFM micrograph taken over a 1 µm × 1 µm scanning area ([Figure 8](#materials-09-00144-f008){ref-type="fig"}a, b). It can be seen that the grain size of nc-copper varied between 10 and 100 nm, and the corresponding average grain size of the material was found to be \~48 ± 16 nm.

The bright field TEM image of the as-received nc-copper, along with the corresponding diffraction pattern, is shown in [Figure 9](#materials-09-00144-f009){ref-type="fig"}a where the near-to-complete diffraction rings are characteristic of a nanocrystalline material with randomly-oriented grains. Due to the large number of grains in each specific crystallographic plane, nc-copper forms rings rather than individual diffraction spots as observed in MG-copper. The GSD distribution of nc-copper based on TEM characterization is shown in [Figure 9](#materials-09-00144-f009){ref-type="fig"}b and the corresponding average grain size of the material was found to be \~28 ± 11 nm. Finally, the average grain size of as-received nc-copper was defined to be \~34.4 nm from averaging all the values obtained by XRD, AFM, and TEM techniques.

Hardness measurements were made over an 8 mm × 6 mm area of the as-received materials to ensure homogeneity of the microstructure. The average microhardness of MG- and nc-copper was found to be \~0.6 ± 0.02 GPa and 2.5 ± 0.05 GPa, respectively. Further evaluation of the mechanical properties of the as-received materials was achieved through tensile testing of sub-size tensile samples of MG and nc-copper. The resultant engineering stress-strain curves shown in [Figure 10](#materials-09-00144-f010){ref-type="fig"} were utilized to determine the engineering yield stress (S~y~), the ultimate tensile strength (UTS), uniform strain (e~u~), total engineering strain (e~t~), and the strain hardening exponent (n) of both materials as listed in [Table 1](#materials-09-00144-t001){ref-type="table"}.

From the data in [Table 1](#materials-09-00144-t001){ref-type="table"}, MG-copper possesses much higher ductility and toughness (from the uniform and total strain values) compared to nc-copper. From yield and UTS values, nc-copper has a higher overall strength compared to MG-copper as expected from grain refinement. The difference in strength and ductility between nc-copper and its micrograined counterpart is germane to the difference in grain size reported in the preceding subsection. The material's strength evolves with an increasing density of pinning points, such as grain boundaries, which are capable of hampering the mobility and propagation of imperfections (dislocations). Thus, it is plausible to ascribe the observed high strength and poor ductility of nc-copper to the increased grain boundary density upon grain refinement, and the ability of those grain boundaries to act as pinning points. This effect is commonly referred to as the Hall-Petch grain boundary strengthening mechanism \[[@B36-materials-09-00144]\] accordingly: $$\mathsf{\sigma}_{y} = \mathsf{\sigma}_{i} + \frac{K_{y}}{\sqrt{d}}$$ where $\mathsf{\sigma}_{y}$ is the yield stress; $\mathsf{\sigma}_{i}$ is the friction stress; $K_{y}$ is strengthening coefficient (a material constant); and $d$ is the grain size. According to Equation (1), the yield stress of a material increases with decreasing the average grain size which explains the observed high yield stress of nc-copper (grain size \~34 nm) compared to that of its MG counterpart (grain size \~38 μm).

3.2. Mechanical Properties and Microstructure of Irradiated MG-Copper {#sec3dot2-materials-09-00144}
---------------------------------------------------------------------

Microhardness measurements and tensile testing of irradiated MG-copper were conducted following the same procedures as for the as-received material. Microhardness measurements of irradiated MG-copper, listed in [Table 2](#materials-09-00144-t002){ref-type="table"}, reveal a steep increase in hardness due to 0.0034 dpa of damage. This sudden change in hardness is followed by a saturation, which may start below or at about 1 dpa. Saturation in hardness of neutron irradiated oxygen-free high-purity copper was observed by Singh *et al.* \[[@B37-materials-09-00144]\] to occur between 0.1 and 0.2 dpa, consistent with the behavior observed in this study.

[Figure 11](#materials-09-00144-f011){ref-type="fig"} shows the engineering stress-strain curves of MG-copper, and the average mechanical properties of the material are listed in [Table 1](#materials-09-00144-t001){ref-type="table"} from which the evolution of the mechanical behavior of MG-copper with damage level can be summarized by an increase in strength (both yield and ultimate) accompanied by a loss in ductility (both uniform and total elongation), jointly referred to as irradiation hardening and embrittlement. Close scrutiny of the mechanical properties of irradiated MG-copper indicates a more profound increase in yield stress compared to the UTS. Moreover, the difference between yield and ultimate strength was found to diminish with increasing damage level implying decreased work hardening (n) with increased neutron dose. Of interest is the yield drop phenomenon clearly observed in MG-copper at 2 dpa ([Figure 11](#materials-09-00144-f011){ref-type="fig"}). Using OM, the average grain size of irradiated MG-copper was found to be 39 ± 7, 37 ± 11, and 49 ± 14 µm after 0.0034, 1, and 2 dpa, respectively. Thus, it is possible to state that no grain growth occurred in irradiated MG-copper. This is consistent with the fact that thermally-induced grain growth occurs in MG-copper only at relatively elevated temperatures (\> 600 °C) \[[@B38-materials-09-00144]\] while the maximum irradiation temperature experienced by MG-copper samples was less than 100 °C ([Figure 4](#materials-09-00144-f004){ref-type="fig"}). Characterization of the irradiation-induced defect structures in MG-copper using TEM revealed dislocation loops and networks in the grain interior at 0.0034 dpa ([Figure 12](#materials-09-00144-f012){ref-type="fig"}).

As the damage level increased to 1 dpa, dislocation loops and networks were observed in both the grain interior ([Figure 13](#materials-09-00144-f013){ref-type="fig"}a) as well as at grain boundaries ([Figure 13](#materials-09-00144-f013){ref-type="fig"}b). Inspection of the TEM micrographs ([Figure 12](#materials-09-00144-f012){ref-type="fig"} and [Figure 13](#materials-09-00144-f013){ref-type="fig"}) indicates a higher dislocation density in the more heavily damaged sample. A twin structure was also observed ([Figure 13](#materials-09-00144-f013){ref-type="fig"}c), a feature that became more common with increasing damage level. At 2 dpa, TEM characterization of MG-copper revealed formation of relatively higher dislocation density ([Figure 14](#materials-09-00144-f014){ref-type="fig"}a) along with abundant twin structures in grains with curved boundaries as depicted by the dotted curve in [Figure 14](#materials-09-00144-f014){ref-type="fig"}b.

At this point, the relationship between yield strength and the developed microstructure in irradiated MG-copper can be elaborated by considering the yield stress in irradiated material as \[[@B39-materials-09-00144]\]: $$\mathsf{\sigma}_{y} = \mathsf{\sigma}_{i} + \mathsf{\sigma}_{s}$$ where $\mathsf{\sigma}_{i}$ is the friction hardening; and $\mathsf{\sigma}_{s}$ is the source hardening. Source hardening is commonly found in irradiated FCC metals (e.g., copper) where radiation-induced defects are present close to Frank-Read (F-R) sources. This increases the stress required for F-R operation and consequently contributes not only to increasing the yield stress but also yield point phenomena of irradiated materials. Friction hardening is the stress experienced by the mobile dislocations encountering irradiation-induced obstacles such as precipitates, voids, or other dislocations during their glide/slip. In the context of radiation hardening, the friction hardening component is usually decomposed into two components as follows: $$\mathsf{\sigma}_{i} = \mathsf{\sigma}_{SR} + \mathsf{\sigma}_{LR}$$ where $\mathsf{\sigma}_{SR}~$is short range friction hardening; and $\mathsf{\sigma}_{LR}$ is long range friction hardening \[[@B39-materials-09-00144]\]. The classification here depends on the type of obstacles responsible for inhibiting dislocation motion. $\mathsf{\sigma}_{SR}$ arises from dislocation pinning by irradiation-induced defects such as voids and precipitates. As no voids or precipitates were observed in irradiated MG-copper, $\mathsf{\sigma}_{SR}~$can be set to zero in Equation (3). $\mathsf{\sigma}_{LR}$ arises from the repulsive force experienced by a mobile dislocation due to long range stress fields of forest dislocations. The contribution of long range friction hardening to the yield stress of irradiated material is given by \[[@B40-materials-09-00144]\]: $$\mathsf{\sigma}_{LR} = \mathsf{\alpha}Gb\sqrt{\rho_{d}}$$ where α is a constant, $G$ is the shear modulus, $b$ is the Burgers vector, and $\rho_{d}$ is the dislocation density. Equation (4) indicates that the long range component of friction hardening, and consequently the overall yield stress, is proportional to the dislocation density in the irradiated material. Thus, it is plausible to ascribe the continuous increase in yield stress of irradiated MG-copper with exposure level to the observed increase in radiation induced defects (dislocations in particular). An approach to decompose the yield stress in irradiated MG-copper into source hardening and friction hardening components will be discussed in [Section 3.4](#sec3dot4-materials-09-00144){ref-type="sec"} of this article.

3.3. Mechanical Properties and Microstructure of Irradiated nc-Copper {#sec3dot3-materials-09-00144}
---------------------------------------------------------------------

### 3.3.1. Mechanical Properties of Irradiated nc-Copper {#sec3dot3dot1-materials-09-00144}

Microhardness indentation and tensile testing were conducted on nc-copper after irradiation following the same procedures applied to MG-copper. According to the microhardness measurements listed in [Table 2](#materials-09-00144-t002){ref-type="table"}, irradiated nc-copper exhibits a steep decrease in hardness following 0.0034 dpa irradiation. The decrease in hardness seems to saturate either below or at 1 dpa. After that, only a minor increase in hardness was observed between 1 and 2 dpa. This is in contrast to irradiated MG-copper where hardness was found to increase at all damage levels achieved in this study. Representative engineering stress-strain curves of irradiated nc-copper are shown in [Figure 15](#materials-09-00144-f015){ref-type="fig"} and the average mechanical properties of irradiated nc-copper based on the analysis of stress-strain curves of two samples are included in [Table 1](#materials-09-00144-t001){ref-type="table"}. We note that nc-copper exhibited a substantial decrease in yield stress and UTS, accompanied by an increase in total elongation, following 0.0034 dpa irradiation. This decrease in both yield stress and UTS post irradiation is referred to as irradiation-induced softening \[[@B41-materials-09-00144],[@B42-materials-09-00144]\]. Yield stress and UTS further decreased after 1 dpa irradiation, although less dramatically. This was accompanied by a substantial decrease in both uniform and total elongation to below even its pre-irradiation values. Finally, nc-copper exhibited typical radiation hardening and embrittlement at 2 dpa, manifested by an increase in both yield stress and UTS accompanied by a loss of ductility. Thus, based on the analyses of hardness measurements and mechanical properties of irradiated nc-copper the following two observations are made: (i) radiation softening was noted in the material up to 1 dpa; and (ii) nc-copper exhibited common radiation hardening at 2 dpa. This differed from the radiation response of MG-copper, where radiation hardening was observed at all damage levels.

### 3.3.2. Microstructural Characterization of Irradiated nc-Copper {#sec3dot3dot2-materials-09-00144}

[Figure 16](#materials-09-00144-f016){ref-type="fig"} shows XRD patterns of irradiated nc-copper compared to the as-received material. The observed decrease in peak broadening (in terms of FWHM) at 0.0034 dpa implies an increase in the grain size at this damage level; the average grain size of nc-copper at 0.0034 was found to be \~70 nm. The reduction in peak broadening continued through 1 and 2 dpa, where peak broadening was below the limit to determine the average grain size with XRD. The variation in peak intensity in XRD patterns from one damage level to another indicates a change in the relative grain population in a particular crystallographic direction. Thus, the 0.0034 dpa irradiation resulted in a rearrangement of grain orientation such that the peak of highest intensity changed from (111) to (200). For both 1 and 2 dpa samples, the (111) peak exhibited the highest intensity, similar to the case of as-received material. Finally, the presence of only the four major diffraction peaks of copper at all damage levels indicates no second phase formation in the irradiated material. [Figure 17](#materials-09-00144-f017){ref-type="fig"} shows an AFM image of nc-copper following 0.0034 dpa and the average grain size of the material was found to increase from 48 ± 16 to 65 ± 10 nm after irradiation. Therefore, the results from both XRD analysis and AFM suggest that nc-copper underwent grain growth during 0.0034 dpa irradiation.

TEM characterization revealed several microstructural features in nc-copper at 0.0034 dpa. [Figure 18](#materials-09-00144-f018){ref-type="fig"}a shows the presence of twins and dislocation structures in the irradiated material. These defect structures were not observed in the as-received material, implying that some grains have grown enough to accommodate these defects. However, this sample still contains nanosized grains, as observed in other regions, as indicated by near to complete diffraction rings in [Figure 18](#materials-09-00144-f018){ref-type="fig"}b. The GSD of nc-copper at this damage level was established by combining the distributions from both AFM and TEM characterization ([Figure 19](#materials-09-00144-f019){ref-type="fig"}) and the corresponding average grain size was found to be 86 ± 38 nm. The relatively wide range of grain size observed in the material suggests the occurrence of non-uniform grain growth at this exposure level. Formation of twin and dislocation structures are noted in nc-copper irradiated to 1 dpa ([Figure 20](#materials-09-00144-f020){ref-type="fig"}a). In addition, nc-copper with this damage level exhibited formation of twin structures at faceted grain boundaries as depicted by dashed lines in [Figure 20](#materials-09-00144-f020){ref-type="fig"}b. At 2 dpa, twin and dislocation structures were the most pronounced microstructural features ([Figure 21](#materials-09-00144-f021){ref-type="fig"}). Interestingly, we note twin structures at curved grain boundaries, similar to that observed in MG-copper at the same damage level (depicted by the dotted curve in [Figure 21](#materials-09-00144-f021){ref-type="fig"}b).

It is worthwhile to mention that nanograins were not observed in any TEM foil from nc-copper after either the 1 or 2 dpa irradiations. However, attempts to determine grain size of nc-copper at 1 and 2 dpa using OM were not successful, as the grain sizes were still too small to be resolved with this technique. Thus, the average grain size and GSD of irradiated nc-copper at 1 and 2 dpa were determined using SEM ([Figure 22](#materials-09-00144-f022){ref-type="fig"}) to be \~0.8 ± 0.6µm and 0.75 ± 0.5 µm at 1 and 2 dpa, respectively. Thus, irradiated nc-copper exhibited an increase in the average grain size with exposure levels starting at 0.0034 dpa. After that, saturation in grain growth occurred at around 1 dpa, as depicted by the dotted lines in [Figure 23](#materials-09-00144-f023){ref-type="fig"}.

At this point, it is possible to elaborate the structure-property relationship in irradiated nc-copper by considering the Hall-Petch relationship (Equation (1)) and the friction and source hardening components comprising the yield stress (Equation (2)): $$\mathsf{\sigma}_{y} = \mathsf{\sigma}_{i} + \mathsf{\sigma}_{s} = \mathsf{\sigma}_{i} + \frac{K_{y}}{\sqrt{d}}$$

The substantial decrease in the yield stress of nc-copper from \~557 to 371 MPa at 0.0034 dpa is attributed to the increase in grain size from \~34 to 86 nm. As grain growth persisted, the average grain size increased to the submicron level (\~800 nm) at 1 dpa, resulting in a further decrease in the yield stress. At this damage level, grains in irradiated nc-copper have grown enough to accommodate complex forms of defects, such as dislocations and twins. At higher doses the yield stress decreased moderately from \~371 to 357 MPa, accompanied by loss of ductility reflecting the grain size saturation. Accordingly, it is plausible to state that the mechanical behavior of nc-copper at high doses was not solely controlled by grain growth. After 1 dpa, no further grain growth was observed in irradiated nc-copper, so the mechanical behavior of the material was governed by common radiation hardening and embrittlement. This was manifested by an increase in yield stress from \~357 to 388 MPa, accompanied by ductility loss.

### 3.3.3. Grain Growth in Irradiated nc-Copper {#sec3dot3dot3-materials-09-00144}

The overall mechanical behavior and microstructural evolution in irradiated nc-copper reveals that grain growth has a detrimental effect on the overall radiation response of the material, even at very low exposure levels. This necessitates investigating how grain growth in nc-copper originated under the irradiation conditions in this study. Thermally-activated grain growth has been observed in nc metals and alloys well below the temperature required to trigger grain growth in its MG counterparts \[[@B43-materials-09-00144]\]. Thereby, a series of annealing experiments followed by hardness and grain size measurements were conducted on as-received nc-copper to assess its thermal stability. Samples of as-received nc-copper were isothermally annealed in vacuum for three hours at temperature ranges from \~300 to 750 K. Subsequently, grain size measurements were conducted and the average grain size was determined. [Figure 24](#materials-09-00144-f024){ref-type="fig"} plots the average grain size *versus* annealing temperature with the box in [Figure 24](#materials-09-00144-f024){ref-type="fig"}a expanded in [Figure 24](#materials-09-00144-f024){ref-type="fig"}b.

The variation of grain size with annealing temperature reveals a sudden increase in the grain growth rate at \~520 K. The change in grain growth rate implies that thermally-activated grain growth in nc-copper is controlled by two distinct mechanisms. Kinetics of isothermal grain growth is typically described by the following rate equation: $$D^{n} \approx K_{0}exp^{(\frac{- Q}{RT})}t$$ where D is the grain size at time t; K~0~ is a pre-exponential constant; n is the grain growth exponent; Q is the activation energy for a specific grain growth mechanism; R is the gas constant; and T is the annealing temperature. Thus, the activation energy for thermally-activated grain growth in as-received nc-copper was determined by plotting grain size *versus* inverse temperature for several grain growth exponent (n) values (see [Figure 25](#materials-09-00144-f025){ref-type="fig"}). With n set to 5, the activation energy for grain growth of as-received nc-copper at temperatures above \~520 K was found to be \~55 kcal/mole. This is in reasonable agreement with the 46.8 kcal/mole reported for the activation energy of lattice diffusion in MG-copper \[[@B44-materials-09-00144]\]. At temperatures below 520 K, the activation energy of nc-copper was found to be \~22 k kcal/mole for *n* = 5. This is in agreement with the activation energy for grain boundary diffusion reported in some nc metals and alloys \[[@B45-materials-09-00144]\].

In addition to isothermal annealing experiments, Differential Scanning Calorimetry (DSC) was used to determine the temperature at which thermally activated grain growth is triggered in nc-copper. Details about the theory behind this technique can be found elsewhere \[[@B46-materials-09-00144]\]. DSC Q2000 series from TA Instruments (Wood Dale, IL, USA) was used to anneal a 3 mm disk of the as-received nc-copper at a rate of 10 K/min and [Figure 26](#materials-09-00144-f026){ref-type="fig"} shows the heat flow through the sample as a function of measured sample temperature. According to the DSC scan, the onset of thermal instability in as-received nc-copper occurs at approximately 450 K (\~170 °C) and the full peak is observed at 520 K (\~235 °C) ([Figure 26](#materials-09-00144-f026){ref-type="fig"}). Recalling the isothermal annealing data of as-received nc-copper, grain growth via grain boundary diffusion was dominant at \~ 450 K which coincides with the onset of thermal instability observed with the DSC scan. Furthermore, the transition from grain boundary diffusion to lattice diffusion at \~520 K (247 °C) is in good agreement with the formation of the full peak thermal instability at \~235 °C in the DSC scan. Thus, it is concluded that temperature regime in which thermally-activated grain growth is controlled by grain boundary diffusion represents the onset to thermal instability in nc-copper. Thus, the observed grain growth in irradiated nc-copper can be separated into thermal and irradiation effects. Additional isothermal annealing experiments were conducted on samples of nc-copper at 328 K (55 °C) for 200 hrs and at 373 K (100 °C) for up to 740 hrs. This mimics the highest irradiation temperature and time in the PULSTAR and ATR, respectively.

The hardness of the annealed samples with annealing time at the two temperatures is included in [Figure 27](#materials-09-00144-f027){ref-type="fig"}a,b. The as-received nc-copper annealed at 55 °C for 200 hrs exhibited a noticeable reduction in hardness. This implies an increase in grain size in light of the Hall-Petch equation. However, thermally-activated grain growth induced by annealing cannot be the sole cause of the observed decrease in hardness of nc-copper after the 0.0034 dpa irradiation. Thus, it is possible to split the grain growth in irradiated nc-copper at 0.0034 dpa into two components: (i) thermally-activated component (indicated by dotted arrows in [Figure 27](#materials-09-00144-f027){ref-type="fig"}a); and (ii) irradiation-induced component (indicated by solid arrows in [Figure 27](#materials-09-00144-f027){ref-type="fig"}a). Clearly, the irradiation-induced component of grain growth is more dominant at this damage level. [Figure 27](#materials-09-00144-f027){ref-type="fig"}b indicates that grain growth in nc-copper irradiated to 1 and 2 dpa can be attributed to both a thermally-activated component and an irradiation-induced component, as in the 0.0034 dpa case. Both components contribute approximately equally to the overall grain growth at these exposure levels.

While the mechanisms controlling thermally-induced grain growth in nc-copper were able to be identified, determination of the underlying mechanism for irradiation-induced grain growth in in-pile experiments is not possible due to limited data. Studies investigating the mechanisms of radiation-induced grain growth are primarily based on computational and simulation efforts \[[@B47-materials-09-00144]\]; however, there is no well-defined explanation of the mechanisms for this process to-date. Alternatively, the researchers are considering *in-situ* ion irradiation experiments combined with real-time TEM to understand the driving force and mechanisms underlying radiation-induced grain growth in nc-copper.

3.4. Radiation Hardening in Polycrystalline Copper {#sec3dot4-materials-09-00144}
--------------------------------------------------

Radiation hardening was observed in both MG-copper and nc-copper. In MG-copper, radiation hardening was observed at all damage levels while it became dominant in nc-copper only at higher damage levels. In this section, radiation hardening in irradiated MG and nc-copper will be decomposed into source and friction components in light of Equation (5). The variation in yield stress of irradiated MG and nc-copper with grain size is plotted at each damage level in [Figure 28](#materials-09-00144-f028){ref-type="fig"}. This allows investigating the influence of grain size and exposure level simultaneously on the mechanical behavior of polycrystalline materials.

From [Figure 28](#materials-09-00144-f028){ref-type="fig"}, the variation in the yield stress of irradiated polycrystalline copper can be thought to follow a general Hall-Petch behavior, albeit only two data points (representing MG and nc-copper) are present. A close scrutiny of the data reveals that the slope of Hall-Petch line inconsistently changes from one exposure level to the other. Friction and source components were examined by fitting the two data points at each damage level to a straight line. The slope of that straight line corresponds to the unpinning stress $K_{y}$ and the source hardening can then be calculated as $\frac{K_{y}}{\sqrt{d}}$ for both MG and nc-copper. Consequently, the friction hardening is calculated as the difference between yield and source hardening stresses. This approach relies on the premise that the straight lines are representative of the effect of radiation exposure on the yield stress and the unpinning stress, $K_{y}$. The variation in friction hardening of polycrystalline copper is shown in [Figure 29](#materials-09-00144-f029){ref-type="fig"}a. Clearly, irradiated polycrystalline copper exhibited an increase in friction hardening with increasing exposure level, as depicted by the dashed curve ([Figure 29](#materials-09-00144-f029){ref-type="fig"}a). This is attributed to the observed increase in dislocation density in both MG and nc-copper with increasing exposure level. The source hardening component of the yield stress *versus* damage level is shown in [Figure 29](#materials-09-00144-f029){ref-type="fig"}b and nc-copper exhibits a continuous decrease in source hardening with damage level. This is ascribed to the observed increase in grain size from 34.4 nm pre-irradiation to about 1 μm after irradiation to 1 and 2 dpa. Conversely, the source hardening of irradiated MG-copper does not vary significantly with damage, implying that source hardening has only a minimal contribution to the yielding of irradiated MG-copper.

4. Summary and Conclusions {#sec4-materials-09-00144}
==========================

The impact of grain size on the response of MG and nc-copper to fast neutron irradiation was assessed by evaluating the mechanical behavior and microstructural evolution in the material pre and post-irradiation. The following remarks were drawn: MG-copper exhibited typical radiation hardening and embrittlement at all damage levels achieved in this work.At low exposure levels, nc-copper experienced grain growth, and radiation softening was noted by a dramatic decrease in strength accompanied by increased ductility.The increase in grain size of irradiated nc-copper allowed formation of complex defect forms, such as twins and dislocations, at higher damage levels.Radiation hardening became dominant in irradiated nc-copper after grain growth saturation at higher exposure levels.Analysis of isothermal annealing and hardness measurements revealed that grain growth in nc-copper is composed of both thermally-activated and irradiation-induced components.The yield stress data of irradiated MG and nc-copper were analyzed on the basis of the Hall-Petch relationship.Friction hardening was found to increase with an increasing damage level in polycrystalline copper.Source hardening in irradiated nc-copper was found to decrease with an increasing damage level, while it has minimal contribution to the yield stress of irradiated MG-copper.
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![(**a**) Sample containment and Cd-wrapped aluminum column for neutron irradiation in PULSTAR; and (**b**) PULSTAR core with arrow indicating the WREP irradiation site.](materials-09-00144-g001){#materials-09-00144-f001}

![(**a**) Cross section view of ATR core with an arrow indicating irradiation test position E-7; (**b**) schematic of the irradiation test assembly for the ATR East Flux Trap Position.](materials-09-00144-g002){#materials-09-00144-f002}

![(**a**) Sample holder design for the ATR irradiation experiment; (**b**) schematic of the vertically stacked aluminum block sample holders in the test train assembly.](materials-09-00144-g003){#materials-09-00144-f003}

![Irradiation temperature of copper samples as calculated by finite element model using Abaqus code in capsule irradiated up to (**a**) 1 dpa; and (**b**) 2 dpa.](materials-09-00144-g004){#materials-09-00144-f004}

![(**a**) Schematic of sub-size tensile sample; (**b**) photograph of the miniature tensile tester for mechanical loading of sub-size tensile samples.](materials-09-00144-g005){#materials-09-00144-f005}

![(**a**) Optical micrograph of as-received MG-copper with corresponding GSD inset showing average grain size \~38 ± 12 µm; and (**b**) Bright field TEM of as received MG-copper, with the corresponding diffraction pattern inset.](materials-09-00144-g006){#materials-09-00144-f006}

![XRD patterns with major reflection peaks identified for (**a**) nc-copper; and (**b**) MG-copper.](materials-09-00144-g007){#materials-09-00144-f007}

![(**a**) AFM micrograph of as-received nc-copper; and (**b**) corresponding GSD showing variation in grain size between 10 and 100 nm with average grain size \~48 ± 16 nm.](materials-09-00144-g008){#materials-09-00144-f008}

![(**a**) Bright field TEM of as-received nc-copper; and (**b**) corresponding GSD with average grain size \~28 ± 11 nm.](materials-09-00144-g009){#materials-09-00144-f009}

![Engineering stress-strain curves of as-received MG and nc-copper from tensile testing at room temperature and strain rate of 10^−5^·s^−1^.](materials-09-00144-g010){#materials-09-00144-f010}

![Engineering stress-strain curves of irradiated MG-copper.](materials-09-00144-g011){#materials-09-00144-f011}

![Bright field TEM micrograph of MG-copper at 0.0034 dpa showing dislocation loops and networks in the grain interior.](materials-09-00144-g012){#materials-09-00144-f012}

![Bright field TEM micrographs of MG-copper at 1 dpa showing (**a**) dislocations in the grain interior; (**b**) dislocations at the grain boundary; and (**c**) twin structure.](materials-09-00144-g013){#materials-09-00144-f013}

![Bright field TEM images of MG-copper at 2 dpa showing formation of (**a**) high dislocation density; and (**b**) twin structures in a grain with curved boundary.](materials-09-00144-g014){#materials-09-00144-f014}

![Representative engineering stress-strain curves of irradiated nc-copper.](materials-09-00144-g015){#materials-09-00144-f015}

![XRD patterns of nc-copper (**a**) as-received; (**b**) at 0.0034 dpa; (**c**) at 1 dpa; and (**d**) at 2 dpa.](materials-09-00144-g016){#materials-09-00144-f016}

![AFM image of nc-copper post 0.0034 irradiation with an average grain size of 65 ± 10 nm.](materials-09-00144-g017){#materials-09-00144-f017}

![Bright field TEM of nc-copper at 0.0034 dpa showing (**a**) formation of both complete and incomplete twin and dislocation structures; and (**b**) population of grains with dimeter \<100 nm.](materials-09-00144-g018){#materials-09-00144-f018}

![Grain size distribution (GSD) of irradiated nc-copper at 0.0034 dpa showing average grain size \~86 ± 38 nm.](materials-09-00144-g019){#materials-09-00144-f019}

![Bright field TEM of nc-copper at 1 dpa showing (**a**) formation of twin and dislocation structures; and (**b**) twin structures formed at a faceted grain boundary.](materials-09-00144-g020){#materials-09-00144-f020}

![Bright field TEM of nc-copper at 2 dpa showing (**a**) formation of dislocation structures; and (**b**) twin structures formed at a curved grain boundary.](materials-09-00144-g021){#materials-09-00144-f021}

![SEM images of irradiated nc-copper at (**a**) 1 dpa; and (**b**) 2dpa with arrows pointing at typical grains considered for grain size measurements.](materials-09-00144-g022){#materials-09-00144-f022}

![Variation of the average grain size of irradiated nc-copper with exposure level, showing grain growth at 0.0034 dpa and minimal change in average grain size between 1 and 2 dpa.](materials-09-00144-g023){#materials-09-00144-f023}

![Variation of grain size of nc-copper with annealing temperature showing (**a**) sudden change in grain growth rate at \~520 K; and (**b**) onset of thermal instability at \~450 K.](materials-09-00144-g024){#materials-09-00144-f024}

![Arrhenius plot analyzing thermally-activated grain growth in as-received nc-copper.](materials-09-00144-g025){#materials-09-00144-f025}

![DSC scan of 3 mm disk of as-received nc-copper at heating rate of 10 K/min.](materials-09-00144-g026){#materials-09-00144-f026}

![Variation of hardness of nc-copper with annealing time at (**a**) 55 °C; and (**b**) 100 °C, with dashed lines indicating the hardness of the material under the marked conditions.](materials-09-00144-g027){#materials-09-00144-f027}

![Variation of yield stress with grain size at all exposure level.](materials-09-00144-g028){#materials-09-00144-f028}

![Variation of (**a**) friction hardening; and (**b**) source hardening of polycrystalline copper with exposure level.](materials-09-00144-g029){#materials-09-00144-f029}

materials-09-00144-t001_Table 1

###### 

Mechanical properties of MG and nc-copper pre- and post-irradiation (0 dpa refers to data of as-received material).

  Exposure Level   S~y~ (MPa)   UTS (MPa)   e~u~            e~t~            n
  ---------------- ------------ ----------- --------------- --------------- --------------
  0 dpa            80 ± 6       174 ± 21    0.43 ± 0.07     0.66 ± 0.02     0.35 ± 0.05
  0.0034 dpa       187 ± 7      215 ± 8     0.21 ± 0.06     0.34 ± 0.05     0.19 ± 0.05
  1 dpa            260 ± 16     265 ± 9     0.089 ± 0.04    0.22 ± 0.02     0.085 ± 0.04
  2 dpa            323 ± 40     323 ± 40    0.065 ± 0.00    0.21 ± 0.02     0.063 ± 0.00
  **nc-copper**                                                             
  0 dpa            557 ± 5      731 ± 21    0.052 ± 0.004   0.079 ± 001     0.05 ± 0.004
  0.0034 dpa       371 ± 15     372 ± 15    0.05 ± 0.001    0.18 ± 0.014    0.00
  1 dpa            357 ± 8      358 ± 9     0.005 ± 0.001   0.029 ± 0.007   0.00
  2 dpa            388 ± 20     389 ± 30    0.007 ± 0.004   0.036 ± 0.005   0.00

materials-09-00144-t002_Table 2

###### 

Microhardness measurements (GPa) of MG- and nc-copper post irradiation.

  Material    0 dpa         0.0034 dpa    1 dpa         2 dpa
  ----------- ------------- ------------- ------------- -------------
  MG-copper   0.60 ± 0.02   0.75 ± 0.02   1.07 ± 0.01   1.08 ± 0.02
  nc-copper   2.51 ± 0.05   1.91 ± 0.11   1.15 ± 0.03   1.16 ± 0.04

[^1]: Current address: Nuclear Engineering Division, Argonne National Laboratory, Lemont, IL 60439, USA.
